Short-term measurements of carbon dioxide, water, and energy fluxes were collected at four locations along a mean annual precipitation gradient in southern Africa during the wet (growing) season with the purpose of determining how the observed vegetationatmosphere exchange properties are functionally related to the long-term climatic conditions. This research was conducted along the Kalahari Transect (KT), one in the global set of International Geosphere-Biosphere Program transects, which covers a north-south aridity gradient, all on a homogenous sand formation. Eddy covariance instruments were deployed on a permanent tower in Mongu, Zambia (879 mm of rainfall per year), as well as on a portable tower in Maun (460 mm yr ), and Tshane (365 mm yr À 1 ), Botswana for several days at each site. The relationships between CO 2 flux, F c , and photosynthetically active radiation were described well by a hyperbolic fit to the data at all locations except for Mongu, the wettest site. Here, there appeared to be an air temperature effect on F c . While daytime values of F c routinely approached or exceeded À 20 lmol m À 2 s À 1 at Mongu, the magnitude of F c remained less than À 10 lmol m À 2 s À 1 when the air temperature was above 27 1C. Canopy resistances to water vapor transfer, r c , displayed an overall decline from the wetter sites to the more arid sites, but the differences in r c could be almost exclusively accounted for by the decrease in leaf area index (LAI) from north to south along the KT. Ecosystem water use efficiency (WUE), defined as the ratio of net carbon flux to evapotranspiration, showed a general decrease with increasing vapor pressure deficit, D, for all of the sites. The magnitudes of WUE at a given D, however, were dissimilar for the individual sites and were found to be stratified according to the position of the sites along the long-term aridity gradient. For example, Mongu, which has the wettest climate, has a much lower WUE for like levels of D than Tshane, which historically has the most arid climate. Given the similar inferred stomatal resistances between the sites, the disparate carbon uptake behavior for the grass vs. woody vegetation is the likely cause for the observed differences in WUE along the aridity gradient. The short-term flux measurements provide a framework for evaluating the vegetation's functional adaptation to the long-term climate and provide information that may be useful for predicting the dynamic response of the vegetation to future climate change.
Introduction
Measurements of water vapor and carbon dioxide exchange between vegetation and the atmosphere along a regional climate gradient allow for the evaluation of how vegetation function is influenced by long-term climate. Although general relationships between climate and vegetation physiognomy are well documented, less is known about the effects of climate on vegetation-atmosphere exchange processes, an aspect of global environmental change research that must be better understood if we are to develop an integrated understanding of how vegetation and climate dynamically interact. In addition to providing necessary parameters that can be used for land surface and general circulation models, short-term measurements of vegetation-atmosphere exchange over a regional gradient in mean annual precipitation can help address the question of how long-term moisture availability and vegetation function are related.
While long-term flux measurements are useful for characterizing the temporal dynamics of vegetationatmosphere exchange processes at a single location, short-term measurements of the type presented in this study trade temporal coverage for widened spatial coverage. Long-term flux stations have a primary purpose of establishing carbon budgets for various ecosystems (e.g. Goulden et al., 1996; Valentini et al., 2000) . Northern hemisphere temperate forests, where a predominance of flux studies have been undertaken (Buchmann & Schulze, 1999) , are often characterized by a relatively low frequency of natural disturbance and therefore representative carbon budgets can be attained via eddy covariance measurements. This is not the case, however, for the woodland and savanna ecosystems of southern Africa, where seasonal fires are frequent (Hao et al., 1990) and widespread (Cahoon et al., 1992; Hao et al., 1996) and play a major role in the overall exchange of CO 2 between the land surface and the atmosphere. Instead of providing comprehensive longterm carbon budgets, flux measurements in southern Africa provide ephemeral information about the CO 2 uptake and release that occurs within the burnregrowth cycle. Relationships between measured fluxes and the meteorological variables that affect CO 2 and water exchange during the growing season were obtained in this study via short-term (i.e. several days) measurements at multiple sites.
Alterations to the regional nutrient cycle as a result of the biogeochemical processes associated with biomass burning have been documented for southern Africa (Shea et al., 1996; Garstang et al., 1998) ; however, more acute impacts on the environment of southern Africa may result from alterations to the hydrological cycle. Aside from impact from human activities, water is the main driving force in determining the distribution and structure of vegetation in savanna ecosystems (Jeltsch et al., 1998; Rodríguez-Iturbe et al., 1999; Smit & Rethman, 2000) , which have the additional characteristic of being acutely stressed and sensitive to change (Guenther et al., 1996) . As noted by Scholes & van Breeman (1997) , modifications in precipitation and temperature associated with climate change could have a significant impact on vegetation composition of the tropical margins by altering the competitive dynamics of C3 and C4 plants.
As the one in the global set of International Geosphere-Biosphere Program (IGBP) transects (Koch et al., 1995) , the Kalahari Transect (KT) in southern Africa has the ideal features of being oriented approximately perpendicular to isohyets and having a uniform soil classification, Kalahari sand, along its entirety (Scholes & Parsons, 1997) . The transect approach undertaken in this study differs from previous deployments of shortterm, multi-site micrometeorological flux studies (e.g. Verhoef et al., 1996; Moncrieff et al., 1997; McFadden et al., 1998) by incorporating the climate gradient along the transect and in doing so, provides functional adaptation information about the ecosystems in this region where heretofore measurements of this type have been sparse. Canopy-scale flux measurements depict an integration of the land-atmosphere exchange that occurs within the sensor footprint (the area that the sensor 'sees'), which is comprised of various species of plants at different stages of growth as well as areas of bare soil. As such, we are measuring the overall net ecosystem exchange (NEE) of mass and energy for each site along the transect, with vegetation distribution and density, as well as the vegetation leaf-level physiological processes, affecting the magnitude of the fluxes.
The specific objectives of this paper are: (1) to describe the canopy-atmosphere exchange of carbon dioxide, water vapor, and energy at each of four sites along the aridity gradient in terms of both absolute (i.e. fluxes) and relative (i.e. WUEs) measurements, (2) to compare the exchange characteristics of the vegetation communities at each of the sites having different longterm climates, and (3) to put these measurements in the context of the overall vegetation-atmosphere exchange dynamics for the region.
Site descriptions
Flux measurements were taken during the SAFARI 2000 wet season campaign at four locations along a portion of the KT extending from Mongu, Zambia in the north to Tshane, and Botswana in the south (Fig. 1) . The field sites are referenced by their nearest geographical designation: Mongu, Maun, Okwa River Crossing (ORC), and Tshane, although the actual field sites were established tens of kilometers from the towns in order to avoid significant anthropogenic influences. This portion of the KT extends over 8.51 in latitude and covers a gradient in the average annual precipitation from 879 mm in Mongu to 365 mm in Tshane. The vegetation type and structure reflect this climate gradient, which covers a range in vegetation composition from broad-leafed evergreen forest in the north to open savanna in the south (Scholes et al., 2002, this issue; Privette et al., this issue) . The extent to which the vegetation function reflects this historic water availability gradient is the subject of this paper.
Sites for the flux tower placement were chosen to meet fetch requirements in areas where the vegetation density and distribution were representative of the overall surrounding ecosystem. Some minimal degree of disturbance was observed at all of the sites from occasional cattle grazing and human gathering of firewood, both ubiquitous activities in the region. The specifics of the vegetation characteristics at the four sites are described in Scholes et al. (2002) and a brief summary of some relevant properties of the sites is presented in Table 1 .
Materials and methods
Two sets of micrometeorological instruments were used during the field campaign, the first of which was mounted at a height of 31.2 m on a permanent tower in Mongu, at approximately three times the mean canopy height of 11.0 m. A second set of instruments was transported along the transect for use with a portable tower, designed for rapid deployment and having telescopic height adjustment (model T-35H, Aluma Tower Company, Inc., Vero Beach, FL, USA). There was some overlap in the periods of measurement, with the Mongu tower maintaining operation during the time of the portable flux tower deployment at Maun.
Measurements at the Mongu tower commenced on February 29, 2000, during the height of the southern African wet (growing) season. Sensible heat, latent heat, and CO 2 fluxes were measured with a triaxial sonic anemometer (model CSAT-3, Campbell Scientific, Inc., Logan, UT, USA) in conjunction with an open path infrared CO 2 /H 2 O gas analyzer (model Li-7500, Li-Cor, Inc., Lincoln, Nebraska). A krypton hygrometer (model KH2O, Campbell Scientific, Inc.) was used at the Mongu site for comparison with the water vapor concentration fluctuations measured by the Li-7500. The eddy covariance measurements were taken at a frequency of 10 Hz and the turbulent fluxes were recorded on a data logger (model 23X, Campbell Scientific, Inc.) as half-hour averages. In addition to the eddy covariance measurements, the individual components of net radiation were measured (model CRN-1 radiometer, Kipp and Zonen, Delft, The Netherlands) along with temperature and relative humidity (model HMP45C, Campbell Scientific, Inc.) at 1 min intervals, then averaged over the half-hour periods. Soil temperature, heat flux, and moisture content were measured near the base of the tower by A. Pinheiro (unpublished results). Photosynthetically active radiation (PAR) was taken as a constant fraction of the incoming shortwave radiation (400-1100 nm wavelength range). Bégué et al. (1996) found this fraction to be consistent at 0.475 during the wet season in western Africa, and this value is used in the present study. PAR was later converted to a photosynthetic photon flux density (I p ). A tipping bucket rain gauge (model TE525WS, Campbell Scientific, Inc.) was used to measure precipitation. Data were collected over a period of 12 days at Mongu, with episodes of missing data attributable to temporary losses of the anemometer signal from rain or condensation on the sensor. Loss of battery power at the temporarily instrumented Mongu tower ultimately resulted in the cessation of the measurements at this location.
The portable flux tower was similarly instrumented, only with the omission of a krypton hygrometer and the addition of ground instrumentation. Soil moisture was averaged over a depth of 0-30 cm with time domain reflectometry (TDR) (model CS615, Campbell Scientific, Inc.) at two locations at each site that were representative of bare soil and vegetated patches. Other ground instruments that were used at the portable tower field sites were soil heat flux plates (model HFT3, Campbell Scientific, Inc.), soil thermocouples (5TC-GG series, Omega Engineering, Inc.), and infrared thermometers (model IRTS-S, Apogee Instruments, Inc.), which detected the skin temperature of the vegetation and soil. The portable flux tower was first used in Maun and was extended to its highest position, 10.4 m, to make measurements above the sparse canopy with the mean height of the tallest 10% of trees at 9.4 m. The tower operated for all or part of 6 consecutive days at this location. Next, the tower was transported to ORC, where it was set at a height of 5.1 m, above the shrubby vegetation with an average height of 1.5 m. Since the dimensions of the sensor footprint are a function of the height of the sensor above the displacement height (e.g., Schuepp et al., 1990) , we chose to limit the footprint area to an area that was representative of the overall vegetation community by reducing sensor height from its fully extended position. Finally, the portable tower was moved to Tshane, where once again it was set at its maximum height, above the 7.0 m canopy. Although the flux measurements were scheduled to be taken over a 4-day period, as at ORC, a passing thunderstorm cut the experiment short by disabling the eddy covariance system after one full day of measurements.
Postprocessing of the data involved a two-angle coordinate rotation of the wind velocity components in order to align the coordinates with the mean wind directional components (McMillen, 1988) . This technique was used to adjust for sloping terrain or a non-level sonic anemometer. The maximum correction needed for any of the four sites was 41. Also, corrections were made for density changes resulting from fluctuations in heat and water vapor (Webb et al., 1980) . In accordance with recent micrometeorological convention, we designate fluxes toward the surface as negative, while fluxes toward the atmosphere are positive.
Results
CO 2 flux (F c ), latent heat flux (LE), and sensible heat flux (H) were measured at the four sites (Fig. 2) , encompassing a wide range of ambient meteorological conditions. Taken alone, the time series display no obvious differences among the sites, underscoring the need to explore functional relationships between the fluxes and the driving variables. The outlier values of H and F c measured at Mongu occurred during periods of rainfall or at times in which conditions were favorable for condensation, thus violating assumptions for reliable application of the eddy covariance technique. In all, 304 mm of precipitation was recorded over 11 days of measurement at Mongu, while only a trace was recorded at ORC, and no precipitation was observed at Maun or Tshane during the flux measurement periods. At Mongu, both a krypton hygrometer (KH2O) and the Li-7500 CO 2 /H 2 O gas analyzer were used in conjunction with the sonic anemometer to measure latent heat flux, with comparative analysis yielding a 2.3% difference in the total flux measured by the two instruments at this site. Half-hourly LE data from the KH2O and the Li-7500 displayed a mean absolute difference of 17.8 W m À 2 and straight-line fit r 2 value of 0.91. Because a KH2O was used only at Mongu, all LE values reported in this paper were measured by the Li-7500. Energy balance closure statistics, based on the ideal 1 : 1 relationship between H 1 LE and R n À G, where R n is net radiation and G is the soil heat flux, are presented in Table 2 . Differences in the footprint spatial scales associated with the eddy covariance sensors, the net radiometer, and the soil heat flux plates as well as the short (half-hour) averaging period for the energy exchange contribute to some amount of disagreement, although the four sites exhibit closure statistics that are within a range typically encountered for measurements of this type (Baldocchi et al., 1988) . A summary of the micrometeorological data from the four sites (Table 3) shows that the mean air temperature, soil temperature, and wind speeds at the sites were comparable. More significantly, the soil moisture contents, y, which were measured at the portable tower locations displayed consistency, enabling a suitable comparison of the fluxes between sites. Episodes of precipitation at Mongu led to transient increases in y, but the soil moisture content in the upper 0.30 m of soil remained similar to the other three sites for a large portion of the measurement period. The CO 2 flux is reported as the measured flux at the level defined by the height of the sensors; the short-term storage of CO 2 below the level of the sensor is not included in the measurement of the overall vegetation-atmosphere exchange. F cmax and R max , given in Table 3 , represent the average daily peak values for NEE of CO 2 and night-time respiration, respectively, per unit ground surface area. The high standard deviation of F cmax at Mongu is partly due to the wide range of air temperature, T a , and the wide range of cloudiness affecting I p at this location during the period of measurement. At the remaining sites, the measurement periods were shorter and the diurnal patterns of T a and I p were markedly similar from day to day. The Bowen ratio, the ratio of total sensible to total latent heat fluxes, was predictably higher at the more climatologically arid sites.
The diurnal fluxes of CO 2 measured during this wet season field campaign (Fig. 3) revealed a net vegetation uptake over the course of the day at all four sites. Peak uptake occurred shortly prior to local noon at each of the sites, before a reduction in I p resulting from convective cloud formation and an increase in vapor pressure deficit, D, in the early afternoon. The relationship ( ) denotes standard deviation; T a , air temperature; T soil , soil temperature; y, volumetric soil moisture; F cmax , mean daytime peak in CO 2 exchange toward the surface; R max , mean night-time peak in CO 2 exchange away from the surface; Bowen ratio is the mean of the daily values of H/LE; z 0 is the momentum roughness length. between F c and I p can be approximated by a rectangular hyperbolic fit (Fig. 4) by
(Moncrieff et al., 1997) where a, b, and c are constants that can be related to particular aspects of the lightresponse characteristics of the vegetation. The fitted hyperbolic curve describes well the relationship between I p and F c at all of the sites, except Mongu, where it is evident that other factors besides I p become important in controlling the daytime values of F c . The initial slope of the curve is described by b, and the reciprocal of this value is the apparent quantum requirement (AQR), i.e. the number of moles of photons required to fix 1 mol of CO 2 . Light saturation for photosynthesis occurs at a 1 c, with c representing the mean night-time respiration. The bulk measure of the vegetation's ability to conserve water during photosynthetic CO 2 uptake is often represented by a water use efficiency (WUE). For an ecosystem, WUE can be taken from direct eddy covariance measurements as the ratio of net CO 2 exchange to net evapotranspiration (e.g. Baldocchi, 1994) , a value that is largely a descriptor of the vegetation function in a region such as the Kalahari, which has a low soil respiration component of F c and low bare soil evaporation component of LE. WUE shows an overall decline over the course of the day at all four sites (Fig. 5) , mirroring an increase in the vapor pressure deficit, D. However, the magnitude of WUE at a given D is not the same at each of the four sites. When WUE is calculated from daytime fluxes in which F c o0 and LE40, the site on the wettest end of the mean annual precipitation gradient, Mongu, displays the least efficient CO 2 uptake in terms of water loss, while the most historically arid site, Tshane, is the most efficient (Fig. 6 ). Maun and ORC, although individually having very different magnitudes of F c and LE, nevertheless share similar ratios of these fluxes at like levels of D. The ecosystem WUEs measured at the sites are stratified with respect to D according to their position along the long-term aridity gradient. Certain low WUE values measured at Mongu can be explained by the interception of precipitation by the canopy and subsequent evaporation, resulting in the enhancement of LE. This effect most likely does not have an influence on the overall trend observed in Fig. 6 since this phenomenon is short-lived and relatively independent from the time of day, and the preponderance of the Mongu WUE data falls well below those of the other sites. The two other factors that potentially complicate inferences about the leaf-scale processes from the canopy-scale measurements are soil respiration and bare soil evaporation. The night-time respiration fluxes for the sites along the KT (Table 3) show no clear pattern that indicates that soil respiration differences are the cause of the disparate WUEs observed at the four sites. Soil organic content measured along the Botswana portion of the KT, in fact, was found to be highly variable with a minimal trend observed over the precipitation gradient (Ringrose et al., 1998) . The bare soil evaporation component of E is likely at least an order of magnitude lower than transpiration due to the sandy soil and low volumetric soil moisture, y, at each of the sites.
Another property of the vegetation-atmosphere interaction is the bulk canopy resistance for water vapor transfer, r c , which can be calculated by rearranging the Penman-Monteith equation (Monteith, 1973) :
where D is the slope of the saturated vapor pressure curve with respect to air temperature (mb K À 1 ), g is the psychrometric constant (mb K À 1 ), c p is the heat capacity of air (J kg À 1 K À 1 ), r is the air density (kg m À 3 ), and r av is the aerodynamic resistance to water vapor. G is taken as the spatial average of the soil heat fluxes measured below bare soil and vegetated patches at the portable flux tower sites and is taken from the single measurement location at Mongu. The values of r av were estimated using the Monin-Obukov surface similarity theory given by
where z is the height of the eddy covariance sensors (m; see Table 2 ), k is the von Kármán constant (0.4), u is the wind speed (m s À 1 ), d 0 is the displacement height for momentum (m), z 0m and z 0v are the roughness lengths (m) for momentum and water vapor, respectively, and c m and c v are the corresponding Monin-Obukov surface layer stability corrections functions (unitless) (see Brutsaert, 1982) . The value d 0 is estimated as twothirds the canopy height (see Table 1 ), and z 0v , in the absence of direct measurements, is approximated from the measured z 0m by z 0v 5 z 0m /7 (Brutsaert, 1982) .
The daytime values of canopy resistance, r c , for the four sites along the precipitation gradient demonstrate relatively constant levels, with the exception of a slight increase prior to sunset (Fig. 7) . A peak in D occurs at this time of day for all of the sites, but the sensitivity of r c to D appears to be relatively minor (R 2 5 0.18, 0.12, 0.51, and 0.01 for Mongu, Maun, ORC, and Tshane, respectively). Volumetric soil moisture, y, was variable only at Mongu, where a sequence of precipitation events occurred. When y was greater than 10% at this location, r c had a mean value of 65.1 s m À 1 (n 5 22 half-hour measurements), but r c increased to an 
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The reduction in r c during the wet conditions could be influenced in part by direct evaporation from the canopy and the forest floor immediately following episodes of precipitation. Overall, the mid-day values of r c are lower for the climatologically wetter sites (Mongu, Maun) compared with the more arid sites (ORC, Tshane). Stomatal resistance, r s , can be estimated from these bulk measurements by scaling with the leaf area index (LAI), such as in a simple linear form:
Using the average r c from the mid-day hours 12:00-15:00, the stomatal resistances found at Mongu ison, a week-long study of four sites in the semi-arid Washita watershed, located within the southern Great Plains region of the United States, had a larger range of variability in r s (B100-400 s m À 1 ) despite the fact that the sites were all located within a 20 km radius and were subject to the same general atmospheric conditions during the 7-day measurement period (Kustas et al., 1996) . In that case, the differences in r s were attributed to physiological differences between vegetation at the sites.
Discussion
Interpretation of the results relies upon the assumption that the short-term measurements of vegetation-atmosphere exchange are reflective of the vegetation functional adaptation to the long-term climate. It is apparent from the dissimilar F c vs. I p relationships for the individual sites (Fig. 4) that daytime net uptake of CO 2 by the vegetation does not scale directly with LAI, despite the similar volumetric soil moisture observed between sites. Instead, other factors such as canopy structure, vegetation age, species composition, and stomatal strategies are of consequence for defining this functional relationship. The good fit between the hyperbolic curves and the observed data shown in Fig. 4 demonstrates that I p dominates the net uptake of CO 2 for the low cloud-cover conditions that were prevalent during the periods of measurement at Maun, ORC, and Tshane. At Mongu, however, the scatter is more extensive as cloud cover becomes a more important factor regulating the CO 2 flux at this wettest site. Cloud cover can affect F c at like levels of radiation, as diffuse radiation is known to be more effective for the assimilation of CO 2 by vegetation canopies than direct radiation (Hollinger et al., 1994; Betts et al., 1999; Gu et al., 1999) . the air temperature at the other three sites routinely exceeded 27 1C, there was no observed temperature effect reducing F c at these locations. The vegetation that is more drought-tolerant appears to be more heatresistant as well, a possible adaptive characteristic. The degree to which soil moisture affects F c cannot be explicitly ascertained from the short-term flux measurements. The lack of variability in y measured at the three portable tower sites does help to constrain the inter-site comparisons, but consequently precludes us from capturing the role of soil moisture dynamics in influencing the CO 2 flux. At Mongu, where y ranged between 8.3% and 20% over a 9-day period, no influence of y on F c was observed. Similarly, Verhoef et al. (1996) found little influence of y on the empirical F c À I p relationship measured during a 2-month field experiment in a Sahelian savanna in Niger, West Africa. Both vegetation structure and stomatal strategies affect the canopy resistance to water vapor transfer in this water-limited region. Although the daytime levels of r c were found to increase from the wet regions to the more arid regions (Fig. 7) , much of this effect could be accounted for by the differences in LAI between the sites. The resulting similarities in r s that are inferred between sites are in contrast to the markedly different WUEs for the respective locations. This points to the carbon uptake behavior for the vegetation at the sites as the main cause for the differences in WUE along the mean annual precipitation gradient.
Since the r s values of the more arid sites were found to be similar to those from the well-watered Mongu site, which received 304 mm of rain during the 9-day measurement period, root zone water limitation does not appear to be a factor in inhibiting transpiration at any of the sites. Magnitudes of r s were instead controlled by atmospheric variables during the time of the measurement campaign. In all cases, y is thought to be above a certain critical soil moisture threshold, y c , where r s is independent of the soil moisture status. Below y c , r s would increase rapidly and would lead to a decrease in evapotranspiration (e.g. Davies & Allen, 1973; Crago & Brutsaert, 1992) . Even though the values of r s are similar for well-watered conditions along the KT, the vegetation along this mean annual precipitation gradient may instead display more pronounced dissimilarities in y c . This is analogous to the separate critical soil moisture values assigned to trees and grasses by Rodriguez-Iturbe et al. (1999) for a savanna ecosystem. Longer-term measurements at the sites could potentially discern these critical values.
Daytime WUE decreases with increasing vapor pressure deficit, a relationship that holds among all of the sites (Fig. 6) . Although others have used theoretical formulations to infer the vapor pressure deficit within the canopy (e.g. Kabat et al., 1997) , we choose to use the directly measured D from above the canopy given the small differences that were observed between the air and leaf temperatures. D is considered to be proportional to the gradient in the water vapor concentration between the air within the leaf and the air in the thin laminar layer surrounding the leaf. As this gradient increases, more water is lost by transpiration during the photosynthetic uptake of CO 2 and the WUE is reduced, an effect observed by many others (e.g. Verma et al., 1992; Verhoef et al., 1996; Moncrieff et al., 1997) . For like values of low D, the WUE at the sites differs dramatically (Fig. 6 , note logarithmic y-axis). The between-site stratification of the WUE values corresponds to their relative positions along the historical aridity gradient, with the most arid site (Tshane) exhibiting more efficient water use than the wettest site (Mongu) at a given vapor pressure deficit.
With similar levels of ecosystem respiration across sites, and with low levels of bare soil evaporation, ecosystem WUE, should be shaped by the same factors that shape the canopy water use efficiency, WUE c , which can be expressed as:
where A n is photosynthetic CO 2 uptake, and C a and C i are atmospheric and intercellular CO 2 concentrations, respectively. The first-order dependence of WUE on D, as exhibited by the data in Fig. 6 , is consistent with (5). Note that WUE c is independent from r c (Katul et al., 2000) . The secondary dependence, leading to the stratification of the sites according to long-term aridity, can be interpreted as shifts in C i /C a . Based on Fig. 6 , it appears that the vegetation at the more arid sites can tolerate and possess a lower C i /C a , an example of the intrinsic nature of the ecophysiological/biochemical properties of the vegetation in response to the aridity gradient.
The differences in C i /C a for the sites can be largely attributed to the gradation in the vegetation composition from north to south, which is comprised of decreasing tree cover and increasing grass biomass. The photosynthetic pathways associated with the tree and grass vegetation types along the KT, C 3 and C 4 , respectively, result in disparate amounts of carbon uptake per unit water loss, with the C 4 plants being more efficient. A competitive advantage for C 4 plants in more arid regions is likely to result from this functional adaptation (Ehleringer & Monson, 1993) , so the WUE gradient measured along the transect is not only a byproduct of the vegetation composition, but the competitive advantage may also be a determining factor in shaping this composition. The effect of increasing WUE with increasing aridity cannot be attributed entirely to compositional mixing of C 3 and C 4 plants, however, as d 13 C analyses have shown that WUE varies between individual species of trees of overlapping ranges and this can determine their distribution (Anderson et al., 2000) . Other d 13 C analyses have shown WUE to vary along an aridity gradient within individual species populations (Rundel et al., 1999) . Changes in species distributions along the aridity gradient are likely to result from prolonged perturbations in the regional climate due to the specific functional characteristics of the vegetation types. Protracted alterations in the precipitation regime for the region could cause significant latitudinal shifts in distributions, owing to the north-south orientation of the steady mean annual precipitation gradient. Defining the WUEs of the vegetation along the gradient as a function of the long-term precipitation is an important step toward developing predictions of redistribution in the context of short-term climate change scenarios. These changes could be relatively rapid, owing to the sub-decadal fire frequency (Hao et al., 1996) as well as the short response time of the vegetation biomass to precipitation variability in the region (Goward & Prince, 1995) .
